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Abstract 
In this presentation it is analyzed how the replacement of out-dated power plants can be combined with a German CCS strategy 
and which environmental impacts this will cause. Although the application of CCS results in net reduction of CO2 emissions, a 
broader environmental analysis is necessary to show the overall environmental impacts. Based on Life Cycle Assessment (LCA) 
methodology and a simulation of capacity replacement from today up to 2030 the environmental effects of power generation of 
coal-based steam power plants are examined. Future environmental impacts of German electricity production are projected. 
Keywords: Carbon capture; Life Cycle Assessment; environmental impacts; capacity replacement; German coal-based power production; NEC-
directive 
1. Introduction 
A considerable amount of the existing German power plant stock will meet its end of technical lifetime in the 
near future. According to the current plans of plant operators an extensive build up of new fossil fuelled plants can 
be expected. Against this background it is analyzed how the replacement of out-dated coal-based steam power plants 
can be combined with a German CCS strategy and which environmental impacts this will cause. Although it is 
obvious that the application of CCS results in net reduction of CO2 emissions, a broader environmental analysis is 
necessary to show the overall environmental impacts. Based on Life Cycle Assessment (LCA) methodology this 
study examines the environmental effects of power generation. The employed power plants differ in the utilized 
fuel, lignite and hard coal, the year of installation and the ability and efficiency to capture CO2.  
 
The analysis includes retrofitting of coal-based power plants installed between 1990 – 2020 with post-
combustion processes as well as the set up of highly optimized Greenfield plants using CCS technology. As post-
combustion capture technology mono-ethanolamine (MEA) wash was chosen, because it is already commercially 
available in other industries, e.g. chemistry, and is expected to be commercially available for power plants in mid-
term. Furthermore MEA capture technology is actually the most suitable option for retrofitting existing power 
plants. For a comparative ecological inventory of the coal power plants material and energy balances are calculated. 
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The technical processes which form the process chain comprise coal conditioning, power generation, flue gas 
cleaning, CO2 capture and compression, as well as upstream and downstream activities, e.g. the supply of raw and 
operating materials, waste water treatment or land filling processes. The results of the inventory are assigned to 
selected environmental impact categories and interpreted. 
Following, the specific single process chain results are integrated with regard to expected strategies for new 
power plant constructions. Basis is a simulation of capacity replacement from today up to 2030, taking into account 
capacity build up, plant life times and energy demand. This approach allows a projection of future environmental 
impacts for German electricity production based on coal. Among others, the results can be used to analyze the 
compatibility of CCS strategies with German environmental legislation. Attention is not only paid to greenhouse gas 
reduction potentials but also to the increase of associated other emissions, which are regulated in the NEC-directive, 
for example. The NEC-directive limits future SO2- and NOx-Emissions in total for each EU member country. 
Because of decreasing efficiencies of CCS power plants more input of fossil energy resources and increasing 
emissions can be expected. It has been analyzed, which impact a CCS strategy will have on the compliance of the 
prescriptive emission ceilings. 
2. Power production systems and its future development 
2.1. Scenario description 
Following actual prognosis for Germany the electricity consumption will stagnate or only slightly increase in the 
next decades. The German government decided to phase out nuclear power plants until 2020. So nearly 25% of base 
load electricity production must be substituted by other energy sources. In a scenario which has been done by 
EWI/Prognos [1] on behalf of the German Ministry of Economics and Technology, the authors concluded that most 
of the nuclear electricity production has to be substituted by coal fired power plants taking also the increase of 
energy prices into account. The actual share of electricity production from coal fired power plants amounts to 46% 
and will increase to 60% until 2030.  
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Figure 1: German electricity production until 2030 
A significant share of old coal fired power plants has to be replaced by new plants within the next two decades 
(Figure 1). New investments can open windows of opportunities, which might be suitable to implement CCS 
technology. Against this background different scenarios have been defined to analyze CCS implementation 
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strategies for Germany. It has been assumed that CCS technology will be commercially available in 2020. The 
strategies cover Greenfield CCS power plants and retrofitting applications. Following scenarios have been analyzed: 
 Scenario I (Business as Usual) 
CCS technology will not be implemented over the whole time horizon up to 2030. Old coal fired power plants are 
replaced by high efficient coal fired power plants within capital stock turnover time periods assuming life spans 
from 40 to 50 years. 
 Scenario II (Greenfield) 
All new power plants which are built after 2020 are equipped with CCS technology (Greenfield). 
 Scenario III (Greenfield and retrofitting) 
Additionally to Scenario II all power plants which have been built after 1990 will be retrofitted with post 
combustion technology. Retrofitting starts in 2020. In the 80´s all German coal fired power plants (more than 
35 GW) have been equipped with SO2 and NOX abatement technologies over a time horizon of 10 years. The same 
time horizon for CCS retrofitting is assumed. The plants are classified in different categories representing 
construction years with different efficiency classes. All coal fired power plants which are built before 1990 will not 
be retrofitted because of low efficiencies which make retrofitting uneconomical.  
2.2. Coal plant parameters 
The study examines the power generation of hard coal and lignite-based steam power plants, which differ in the 
year of installation, the conversion efficiency, and in the ability and efficiency to capture CO2. The resulting cases 
can be grouped in:  
I. “Conventional” hard coal pulverized coal power plants without capture 
(1) Coal plant1: installed in the 90ies or earlier 
(2) Coal plant2: installed between 1990 and 2008 
(3) Coal plant3: installed between 2008 and 2020 
(4) Coal plant4: installed from 2020. 
II. Pulverized hard coal power plants with amine-based carbon capture 
(5) Coalretrofit1: installed between 1990 and 2008 and retrofitted from 2020 
(6) Coalretrofit2: installed between 2008 and 2020 and retrofitted from 2020 
(7) Coalgreenfield: installed from 2020 with integrated MEA wash. 
The same classification holds for the Lignite plants1-4 and the lignite plants with MEA scrubbers. 
The plants are characterized either by performance data from existing coal power plants or experts’ expectations 
for the years 2010 and 2020 in Germany [2 – 8]. For Coal plant4 an advanced ultrasupercritical (USC, 700° C) 
power plant is assumed. The Lignite plant3 presents a plant facility with optimized plant engineering, the “BoA 
concept”. The Lignite plant4 “BoAPLUS concept” includes pre-drying of lignite by a fluidized bed technology. 
Table 1 summarizes important performance parameters of the power plants. It is considered that the power plants 
meet the emission threshold values according to German BImSchV [9], which distinguishes new from old plants. 
Therefore, NOx is reduced to 85 mg/m³ for all plants considered. The SO2 concentration will be reduced to 
150 mg/m3 for all cases except for MEAgreenfield (29 mg/m3). Consequently MEAgreenfield plans show less degradation. 
For capture performance 90% capture rate and 99% purity of CO2 are assumed. 
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Table 1: Technical parameters of coal power plants
unit Plant1 Plant2 Plant3 Plant4 Retrofit1 Retrofit2 Greenfield 
Time of operation year < 1990 1990-2008 2008-2020 > 2020 > 2020 
(plant 2) 
> 2020 
(plant 3)  
> 2020 
Plant parameters for hard coal power plants 
net efficiency % 39 43 46 49 29.6 32.6 37.5 
energy penalty %points 13.4 13.4 11.5 
Plant parameters for lignite power plants 
net efficiency % 36 41 44.5 48 26.3 29.8 35.3 
energy penalty %points 14.7 14.7 12.7 
3. Results
3.1. Capacity replacement for 2030 
The age of existing coal-fired power plants has a considerable impact for the implementation of CCS technology. 
Given a lifespan of 40 to 50 years more than 40% of existing hard coal power plants (15% lignite power plants) 
have to be replaced until 2020 (Figure 1). Because CCS technology is available earliest in 2020, only retrofitting is 
possible. Plants which have been built after 1990 until today are supercritical facilities with highest efficiencies 
(> 43% hard coal, > 41% lignite coal). From an economic view CCS retrofitting is possible. Against this background 
the necessity of capture ready plants becomes obvious. The capacity gap between 2020 and 2030 will be filled with 
optimized Greenfield plants. A German CCS implementation strategy covers Greenfield plants and retrofitting as 
described in scenario III. A time horizon for implementation of 10 years is assumed. As shown in Figure 2 
approximately 93% of the whole coal fired power plant stock is equipped with CCS technology in scenario III. 
Storage capacities and infrastructure (pipelines) are needed to handle 275 Million t CO2 per year. Without 
retrofitting (Scenario II), appr. 14 GW (lignite and hard coal) Greenfield power plants have to be built between 2020 
and 2030. In this case a storage capacity of more than 80 Million t CO2 is needed in 2030. 
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Figure 2: Development of coal fired power plant capacities 2010-2030 (Scenario III: Greenfield and retrofitting) 
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Retrofitting causes a loss of capacity because of lower efficiencies which must be compensated with additional 
Greenfield plants. Between 2020 and 2030 additional Greenfield capacity of about 9.4 GW (4.4 GW lignite, 5 GW 
hard coal) must be built. 
3.2. Coal plant specific environmental impacts 
From the power producers point of view a life cycle study of a power plant without up and downstream processes 
might be sufficient. However, the sense of a Life Cycle Assessment (according ISO 2006 [10]) is an integrated 
environmental assessment of the full life cycle of a product including up and downstream processes. For a 
comparative ecological inventory of the power plants material and energy balances for the whole process chains are 
calculated using the environmental calculation software GaBi 4.2. For the purpose of comparison, a fixed reference 
point for the environmental evaluation, the functional unit, is defined as 1 kWh net electricity produced. The 
inventory results in Tab. 2 and 3 present selected inputs and outputs with and without up and downstream processes. 
The considered hard coal for the calculation is “Pittsburgh No. 8” and a typical German lignite coal (“Garzweiler”). 
The results depend strongly on the coal composition. 
Table 2: Selected results of Life Cycle Inventory for hard coal power plants
Coal plant1 Coal plant2 Coal plant3 Coal plant4 Coalretrofit1 Coalretrofit2 Coalgreenfield
a b a b a b a b a b a b a b
Inputs g/kWh 
coal 459 311 417 282 390 263 366 247 606 409 550 372 478 323
MEA - - - - 2.55 2.29 1.26 
Outputs g/kWh 
CO2emitted 861 832 783 755 732 706 687 662 158 109 144 99 122 86
CO2captured - - - - 983 892 776
SO2 0.69 0.51 0.63 0.46 0.58 0.43 0.55 0.40 0.30 0.04 0.27 0.04 0.23 0.03 
NOx 0.89 0.63 0.82 0.57 0.72 0.49 0.68 0.46 1.12 0.75 1.00 0.67 0.86 0.58 
a with, b without up and downstream processes 
Table 3: Selected results of Life Cycle Inventory for lignite power plants
Lignite plant1 Lignite plant2 Lignite plant3 Lignite plant4 Ligniteretrofit1 Ligniteretrofit2 Lignitegreenfield
a b a b a b a b a b a b a b
Inputs g/kWh 
coal 878 875 771 768 710 707 658 656 1203 1197 1061 1057 896 892
MEA - - - - 3.0 2.65 1.43 
Outputs g/kWh 
CO2emitted 977 966 858 848 790 782 732 725 157 132 139 117 117 99
CO2captured - - - - 1190 1050 887
SO2 0.56 0.52 0.49 0.46 0.45 0.42 0.42 0.39 0.12 0.05 0.11 0.05 0.08 0.04 
NOx 0.70 0.67 0.61 0.59 0.57 0.54 0.52 0.50 0.91 0.85 0.81 0.75 0.68 0.64 
a with, b without up and downstream processes 
The development of combustion efficiency has the main influence on the mass flows at the input side. According 
to the efficiency increase the use of hard coal and lignite decrease with the ratio of efficiencies. The energy penalty 
of the MEA plants affects the use of coal into the opposite direction. But again, with decreasing energy penalty (= 
increasing efficiency) the inputs (e.g. coal, MEA) decrease. For the outputs a similar argumentation holds. As 
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expected, due to the increase of combustion efficiency of the power plants without capture the results demonstrate a 
decrease of the CO2 emissions from 2010 to 2030 of about 20% and 25% for hard coal and lignite power plants, 
respectively. If power plants1 are compared with MEAgreenfield, than CO2 emissions will be even reduced by 86% for 
hard coal and 88% for lignite plants. According to efficiency increases in case of power plants without CO2 capture 
the outputs of sulfur dioxide, nitrogen oxide and waste decrease with the ratio of efficiencies. In case of MEA 
plants, the emissions like NOx and waste increase again according to the energy penalty. For SO2, the situation is 
opposite. The strong decrease of SO2 for MEA plants compared to coal plants without capture are due to the reaction 
of SO2 with MEA during the decarbonisation and the improvement of desulphurisation in case of MEAgreenfield.
The results of the inventory are assigned to selected environmental impact categories. A quantitative impact 
assessment was performed for six categories: global warming (GWP), human toxicity (HTP), primary energy (PE) 
demand, acidification (AP), eutrophication (EP), and photo-oxidant formation (POCP) potentials. Characterization 
of environmental impacts is based on CML 2001 [11]. Figure 3 demonstrates the environmental impacts of a power 
plant without CCS, one CCS retrofitted plant and one Greenfield plant for hard coal and lignite combustion and the 
share of up and downstream processes. The energy penalty of the MEA plants affects the environmental impacts 
differently. As expected the GWP is much lower than for the power plants without CO2 capture and is lowest for 
MEAgreenfield. In contrast to the GWP all other impact categories increase for the MEA plants, in which the lignite 
plants are superior to the hard coal power plants. With respect to EP and HTP the increase is considerable. The up 
and downstream processes of the MEA plants are often more significant than for conventional power plants. They 
are especially significant for GWP and HTP due to additional coal use as well as MEA supply and land filling of 
hazardous waste. With respect to photochemical oxidation potential the up and downstream processes are much 
more significant for the hard coal power plants than for lignite combustion due to the hard coal supply chain with 
the corresponding methane emissions. 
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Figure 3: Specific environmental impacts of selected power plants and the share of up and downstream processes (shaded) 
3.3. Environmental impacts of future German electricity production 
The specific environmental impacts are used to evaluate the total German environmental impacts connected with 
coal-based energy production and CCS strategies considering the different scenarios and the according use of plant 
types. Figure 4 shows the equivalents for the different impact categories.
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Figure 4: Total environmental impacts of German energy production considering different CCS strategies (Scenario I-III)  
The particular environmental impacts for the year 2020 are set to 100%. In the following columns, the impacts 
according to the three scenarios are shown for the year 2030. The tendencies of the specific impacts (Figure 3) can 
be recognized here also. Additionally, the share of the diverse plant types varying in the different scenarios is taken 
into account. While the share of coal plants on the overall energy production change only slightly between 2020 
(63%) and 2030 (60%), the implementation of the different plant types in the scenarios has a big impact on the 
results. The business as usual scenario (I) shows a decrease for all impact categories, although only slightly, due to 
the efficiency increase. The introduction of CCS for new power plants (Scenario II) improves the GWP reduction to 
21% and additional retrofitting (Scenario III) yields in a reduction of even 70%. For the other impact categories the 
introduction of CCS technology increases the results. Especially for HTP and EP the consequences of retrofitting are 
extensive. Nevertheless, the share of the energy production sector compared to the overall impact in Germany is 
very small (HTP < 4%, EP < 2% compared to emissions in 2001 [11]). For Scenario III AP would increase to 10% 
compared to 2001. 
Beside the environmental impact categories, the resource demand and single emissions are part of the political 
discussion. Due to the energy penalty of CCS technologies the coal resource demand for the German electricity 
production increases 33% for Scenario III (Figure 5) until 2030. This raises the question, how this demand can be 
met. A change in the import structure of hard coal would alter the results noticeable for acidification, eutrophication 
and photochemical oxidation potentials. For an extensive introduction of CCS technology world wide the 
availability of mining capacity must be checked. 
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Figure 5: Total coal resource consumption and selected emissions for the scenarios 
Assuming retrofitting the emitted amount of CO2 and SO2 will decrease especially between 2025 and 2030, due 
to the assumed time period of retrofitting. For Scenario III the NOx emissions will increase against 2020. The 
emissions of SO2 and NOx are regulated (beside NH3 and NMVOC) in the National Emission Ceilings Directive 
(NECD) [12] where pollutant-specific emission ceilings are set for each country to be met by 2010 and which must 
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not be exceeded afterwards. Each country is required to set up measures to reach this limits. The emission ceilings 
for Germany are 520 kt/a for SO2 and 1051 kt/a for NOx including all relevant energy sectors. The measure program 
of the German Federal Environment Agency was set up 2002. A verification of the expected results of this measures 
in 2007 showed that the emission ceiling for NOx will be exceeded in 2010 by 61 kt/a [13]. Additional measures 
become necessary. The share of public electricity production will increase from 14% in 2010 up to 21% in 2020. 
The introduction of CCS technology including retrofitting (Scenario III) would increase NOx emissions by another 
46 kt/a compared to Scenario I. These additional 5% would have to be compensated by other measures especially in 
other sectors (e.g. transport, household, industry) as the proposed improvement potential for the entire energy sector 
(including other fuels) is estimated to be about 30 kt/a. For SO2 the emissions will fall below the value and the 
introduction of CCS would even improve the activities. 
4. Conclusion 
Within the next two decades more than 50% of lignite coal fired power plant capacity and more than 80% of hard 
coal power plant capacity have to be replaced by new plants due to their limited technical life time. Scenarios 
considering different CCS implementation strategies have been modeled. The strategies involve CCS retrofitting and 
CCS Greenfield power plants. Because of efficiency penalties retrofitting needs additional Greenfield capacity 
which amounts to 9.4 GW until 2030. The coal input has to increase by more than 30% due to the introduction of 
CCS technology (Greenfield and retrofitting). Especially the capacity of domestic lignite mining has to be checked 
against this background.  
The present investigation clearly shows that the solely discussion of CO2 reduction at the power plant itself is not 
sufficient to cover the environmental impacts caused by CO2 capture measures. The results point out that the 
reduction of carbon dioxide emissions to air is achieved at the expense of increasing other emissions and 
corresponding environmental impacts. In most cases the influence of corresponding up and downstream processes is 
significant. Therefore, life cycle approaches are necessary to get a holistic evaluation. It also shows that the 
implementation of new techniques can change the environmental assessment and thus positive and negative effects 
have to be compared and weighed up against each other. Also the discussion about other mitigation strategies (e.g. 
NEC-directive) is effected by CCS approaches. 
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